The effect of osmotic stress on wheat (Triticum aestivum L.) mitochondrial activity and phospholipid composition was investipted. Preliminary growth measurements showed that osmotic stress (-0.25 or -0.5 megapascal external water potential) inhibited the rate of shoot dry matter accumulation while root dry matter accumulation was less sensitive. We have determined that differences in sensitivity to osmotic stress existed between tissues at the mitochondrial level. Mitochondria isolated from roots or shoots of stressed seedlings showed respiratory control and ADP/O ratios similar to control seedlings which indicates that stressed mitochondria were well coupled. However, under passive swelling conditions in a KCI reaction mixture, the rate and extent of valinomycininduced swelling of shoot mitochondria were increased by osmotic stress while root mitochondria were largely unaffected. Active ion transport studies showed efflux transport by stressed-shoot mitochondria to be partially inhibited since mitochondrial contraction required the addition of N-ethylmaleimide or nigericin. Efflux ion transport by root mitochondria was not inhibited by osmotic stress which indicates that stressinduced changes in ion transport were largely limited to shoot mitochondria. Characterization of mitochondrial fatty acid and phospholipid composition showed an increase in the percentage of phosphatidylcholine in stressed shoot mitochondria compared to the control. Mitochondrial fatty acid composition was not markedly altered by stress. No significant changes in either the phospholipid or fatty acid composition of stressed root mitochondria were observed. Hence, these results suggest that a tissue-specific response to osmotic stress exists at the mitochondrial level.
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Physiological responses of plants to water deficits generally vary with the severity and duration of the stress. The most sensitive processes are altered by a very mild stress and these changes intensify while additional processes become affected in accordance to their sensitivity to the stress (2) .
Sensitivity to water stress depends on the tissue in question. Under mild water stress, shoot growth is restricted while root growth continues (28, 31) . Such (1, 15, 22, 27) , most have been restricted to water stress effects on shoot mitochondria while effects on root mitochondria have been neglected. Studies (1, 27) indicate that mitochondria isolated from air-dried shoots oxidize substrates (proline and to a lesser extent NADH, malate, and succinate) at reduced rates and exhibit generally poor coupling. These results and the lack of osmotic contraction by stmssed mitochondria (22) may indicate the loss ofmembrane integrity due to nonuniform shrinkage of mitochondrial membranes during desiccation (18) . It should be emphasized that internal water deficits developed rather rapidly during air drying and became severe in a matter of hours.
Because of the paucity of literature in this area, we examined the effect of mild osmotic stress on root and shoot mitochondrial ion and electron transport and on the fatty acid and phospholipid composition of mitochondrial membranes of wheat seedlings.
MATERIALS AND METHODS
Plants. Seeds of spring wheat (Triticum aestivum L., var ERA) were germinated in disPoSeed-Pack2 growth pouches (Scientific Products, Evanston, IL) that were filled with nutrient solution (50 ml/pouch) that contained PEG-4000 at concentrations of 0% PEG (control), 5% (w/v) PEG (-0.25 MPa), and 12% (w/v) PEG (-0.5 MPa). Growth pouches were placed in a dark, controlled-environment chamber (30°C) at a RH of 85%. Growth solutions were replenished daily. Measurements (Table II) . Further, the ADP/O and RC ratios indicated that mitochondria from all treatments were tightly coupled. These results differ from the effects of rapid tissue desiccation on mitochondrial coupling (1, 27) . Mitochondria isolated from desiccated maize shoots were reported to oxidize substrates (proline, and to a lesser extent, NADH, malate, and succinate) at reduced rates and exhibit generally poorer coupling. It should be emphasized that rather severe internal water deficits developed within hours of tissue desiccation. The difference in the results presented here and the results obtained with air-dried tissue may be due to differences in either the severity of stress or the time period for which seedlings were exposed and allowed to adapt to the stress.
Contraction in KCI. Plant mitochondria are permeable to C1-and K+ and thus swell passively when transferred to a hypertonic solution of KCI (7) . Upon the addition of an oxidizable substrate (NADH), mitochondria contract in response to active efflux of ions from the matrix. Contraction of mitochondria is an osmotic phenomenon that is dependent upon the integrity of the inner membrane. Experimental conditions that damage the osmotic integrity of the inner membrane will eliminate contraction with no possible reversal of swelling (14) . As evidenced in Figure 1 , mitochondria isolated from osmotic-stressed tissue contract upon the addition of NADH which indicates that mild osmotic stress did not damage the inner membrane of either root or shoot mitochondria. Previous reports (22) showed that mitochondria isolated from air-dried corn shoots did not contract upon substrate addition which indicates that tissue desiccation damaged the inner membrane. Air-drying of tissue can result in irregular contraction of membranes in vivo leading to the loss of membrane integrity (18) . The loss of membrane integrity would not only account for the lack of osmotic contraction but could also account for the inhibition of substrate oxidation and poorer coupling of the mitochondria from air-dried tissue.
Ionophore Activated Swelling. In agreement with previous investigation ofplant mitochondria, Val (K+ selective ionophore) produced very rapid KCI swelling ofroot and shoot mitochondria (Fig. 1) shoot mitochondria compared to the control (cf Fig. IA to 1B) . Greater Val-induced swelling of shoot mitochondria indicates either partial inhibition of the efflux mechanism or possible enhanced action of Val by osmotic stress. Val is a mobile carrier which requires a fluid membrane for the transport of K+ (24, 29) . Enhanced Val-induced swelling could, therefore, indicate either increased fluidity of the inner mitochondrial membrane or greater partitioning ofthe Val-K+ complex into the membrane (29). In contrast to the marked enhancement of Val-induced swelling of shoot mitochondria, the degree of Val-induced swelling by root mitochondria was not affected by osmotic stress (cf Fig. IC to ID) . These results suggest that a difference in tissue sensitivity exists at the mitochondrial level with shoot mitochondria exhibiting greater sensitivity to stress.
Further, to examine the effect of osmotic stress on mitochondrial membrane permeability, the rate of Val-induced passive swelling in an isotonic KCl reaction mixture was examined (Fig.  2 ). External KCl concentrations of 100 to 150 mm KCI do not result in a large K+ concentration gradient across the inner membrane because freshly isolated plant mitochondria contain 120 to 170 nmol K+/mg protein (7) . As was the case with the hypertonic solution shown in Figure 1 , the driving force lies with the Cl-gradient, and the rate of swelling is limited by the permeability to K+ of the inner membrane (7) . The rate of Valinduced swelling of stressed shoot mitochondria was markedly greater than that of control shoot mitochondria (Fig. 2A) . In contrast, the rate of Val-induced passive swelling of root mitochondria was not affected by osmotic stress (Fig. 2B) . Valinduced passive swelling studies have been conducted, in conjunction with fluorescence polarization studies, to determine the effect of herbicides on inner mitochondrial membrane fluidity (24, 29) . Herbicide inhibition of the rate of Val-induced swelling correlated directly with an increase in fluorescence polarization associated with the hydrophobic probe, 1,6-diphenylhexatriene. The authors concluded that these herbicides either decreased the fluidity of the inner mitochondrial membrane or enhanced the partitioning of the Val-K+ complex into the membrane. Similarly, osmotic stress appears to have altered the inner membrane of shoot mitochondria resulting in increased permeability to K+ (in the presence of Val). Whether increased K+ permeability represents increased membrane fluidity or enhanced partitioning of Val-K+ into the lipophilic portion of the membrane was not determined. Nevertheless, the results suggest that osmotic stress altered K+ permeability ofshoot mitochondria to a greater extent than it altered K+ permeability of root mitochondria, and these changes are related to stress-induced changes of the inner membrane.
Active Ion Transport. To determine if osmotic stress affects active transport of ions across the inner membrane, volume regulation of stressed mitochondria was examined in a sucrosesupported reaction mixture (Fig. 3) . Sucrose inhibits passive swelling and maximizes influx and efflux pumping of ions (Pi, K+) by active components (13) . Influx pumping of phosphate is accomplished by the proton motive force which drives the Pi/ OH-antiport with passive penetration of K+ down the electrical potential gradient (13) . During efflux pumping of ions, the proton motive force drives the K+/H+ antiport and phosphate fluxes outward and down a chemical potential gradient. Collectively, and with associated volume adjustment, both systems are operative in producing steady state ion concentrations in the Under low ionic conditions (1 mM KH2PO4), the addition of Val decreased membrane resistance to K+ resulting in rapid mitochondrial swelling (Fig. 3) . A low concentration of external K+ favors influx pumping (8) , and only after considerable uptake of salt (observed as swelling) does efflux pumping balance the influx of ions. Following the initial rapid rate of Val-induced swelling, net efflux pumping of ions was observed for all treatments except stressed shoot mitochondria. Stressed shoot mitochondria continue to swell slowly which indicates that the equilibrium between influx and efflux pumping of ions had been altered (-) . Net efflux pumping by stressed shoot mitochondria was observed only by blockage of the Pi/OH-antiport by mm NEM (-.---) or by addition of 0.02 gg/ml NIG, an exogenous K+/H+ exchanger. Osmotic stress may alter shoot mitochondrial volume regulation as a result of partial inhibition of the K+/H+ antiport or reduced leakage of accumulated ions out of the matrix. Alternatively, enhancement of influx transport of salts (in the presence of Val) could account for the observed results. Nevertheless, these experiments and the passive swelling experiments confirm that osmotic stress altered the ion transport processes of shoot mitochondria while those of root mitochondria were unaltered.
Mitochondrial Lipid Analyses. To determine the effect of osmotic stress on lipid metabolism and to determine whether changes in mitochondrial ion transport are associated with changes in membrane lipid composition, the phospholipid and fatty acid composition of root and shoot mitochondria were determined. Environmental stresses have been shown to affect the phospholipid level and composition of plant tissues, and these changes have been related to stress adaptation (3, 10, 11, 25) . Often only lipid analyses of whole tissue or organs have been related to adaptation of a given plant species. A limited number of studies (5, 6, 9, 17, 20, 30) have examined the relationship between lipid metabolism and stress tolerance based on a separate analysis of the organelle and an analysis of specific tissues. Accordingly, we analyzed the lipid composition of osmotic-stressed mitochondria of root and shoot tissue.
Little change in fatty acid composition of either root or shoot mitochondria was detected after osmotic stress (Table III) . In contrast, the phospholipid head group composition of shoot mitochondria was altered by stress. The percentage of PC in stressed shoot mitochondria was 38.5% compared to 48% in control shoot mitochondria, and the ratio of PC to PE was 1.11 and 1.52 in stressed and control shoot mitochondria, respectively. Other minor percentage differences between stressed and control shoot mitochondria were detected in various phospholipid species. Horvath (10) showed that low temperature stress altered the content of PC in hardened wheat cultivars and concluded that hardiness resulted from altered PC levels in cellular membranes. Other studies have shown environmental stresses to alter the polar head group composition of cellular membranes, especially the content of PC (3, 9-1 1). Whether the observed decreases in PC in stressed shoot mitochondria can be associated with stress-induced changes in mitochondrial ion transport and membrane permeability is speculative at this time. However, several studies have related changes in membrane permeability with stress adaptation (16, 21, 26) and the changes have been ascribed to changes in mobility of the lipid hydrocarbons (21) . The possible role of PC in stress-induced transport changes is supported by the fact that root mitochondria did not show a significant change in the proportion of PC (nor any other phospholipid) after osmotic stress. The exact role of lipid metab- olism in stress adaptation and the role of polar head group composition in mitochondrial membrane permeability are the topics of future studies. In summary, we have found that mild osmotic stress inhibits shoot growth while root growth remains uninhibited. Mitochondria isolated from stressed shoots showed altered membrane transport processes and phospholipid composition while root mitochondria from stressed plants do not exhibit these changes. Whether changes in growth and changes in mitochondrial properties are mediated by the same factor(s) remains unclear.
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